I N T RO D U C T I O N
A variety of factors can affect the seasonal dynamics and year-to-year variation in the biomass, size structure and composition of plankton, including seasonally variable resource quality and quantity, variable predation by fish and invertebrates and changes in abiotic environmental conditions (Sommer et al., 2012; Straile, 2015) . External drivers including rainfall and runoff, wind and temperature can affect these proximal factors, as can internal drivers such as bioturbation of sediments by fish and invertebrates (Havens and Schelske, 2001 ). Rainfall and runoff from the watershed are particularly important in shallow lakes because their amounts determine lake depth, flushing rate, nutrient input, input of dissolved organic carbon and depth of the photic zone (Gaiser et al., 2009) .
Subtropical peninsular Florida experiences seasonal, year-to-year and multi-year cycles in rainfall and lake water depths. One of the prominent multi-year cycles, which can push dry season rainfall 60% above or below normal (Abtew and Trimble, 2010) , is driven by a teleconnection with the El Niño Southern Oscillation (ENSO). In strong El Niño years, a positive sea surface temperature anomaly (SSTA) in the Pacific Ocean causes the Pacific Jet Stream to pass across the Gulf of Mexico, and late autumn to winter rainfall generally is well above normal. In La Niña years, when the Pacific SSTA is negative, that jet stream is displaced to the north and winter rainfall is reduced to below average levels. Teleconnections like this are common around the world and have been documented to affect physical, chemical and biological properties of lakes (Katz et al., 2011; Van Cleave et al., 2014) . It was concluded recently that with global warming, the magnitude of both positive and negative ENSO SSTA will increase . This presumably may result in greater swings between extreme wet and extreme dry periods in affected areas of the world, including Florida.
One approach to elucidate effects of increased year-toyear variation in rainfall on plankton dynamics is to examine long-term data sets of sufficient duration and sampling frequency to allow for a quantitative comparisons of El Niño wet and La Niña dry periods. We used a 15-year data set with monthly measurements of physical parameters, nutrient concentrations, cladoceran biomass and cyanobacteria biovolume in a shallow lake in central Florida. We selected a lake that had both a long data set and that was relatively undisturbed by watershed or in-lake management actions.
This article focuses on responses of cladocerans to climate variability because cladocerans are the zooplankton group with the greatest potential to regulate phytoplankton (Berger et al., 2014; Lampert et al., 1986; Sommer and Sommer, 2006) and because they are a food resource for many fish (Medeiros and Arthington, 2014; Persson et al., 2000) . Cladocerans are sensitive to changes in water chemistry, food quality and fish predation (Hart and Bychek, 2011; Sommer et al., 2012; Straile, 2015) , so are likely to respond to changes in these attributes if they are affected by climate change. We also examined responses of cyanobacteria to variable climate because in the course of the study we found that their biomass was inversely related to the biomass of cladocerans. Cyanobacteria also have been projected to increase in frequency, intensity and toxicity in eutrophic lakes a warmer future (Havens and Paerl, 2015; Kosten et al., 2012; Moss et al., 2011) . The concept of this study is that by evaluating responses of plankton to climate variability, we may gain insight into how these biota may respond to long-term climate change. This approach, coupled with experiments, modeling and space-for-time substitution studies, has provided considerable insight into how climate change may affect lake ecosystems (Jeppesen et al., 2014) .
M E T H O D Study sites
Data were obtained from the St. Johns River Water Management District and covered the period from January 1999 to December 2014. The samples were from Lake Harris (7728 ha), Florida, in the Upper Ocklawaha River Basin, 40 km north of the city of Orlando at 28877 0 N, 81882 0 W. The basin includes seven large lakes that all are eutrophic and shallow, with high densities of omnivorous fish. The lakes are typical of those found throughout central Florida and in other subtropical lowlands (Havens et al., 2000; Havens and Beaver, 2011; Iglesias et al., 2011; Meerhoff et al., 2007) .
The Ocklawaha lakes all have high concentrations of total phosphorus (TP), total nitrogen (TN) and chlorophyll-a (Chl-a) and low transparency . Mean depths range from 1.7 to 5.4 m, and many of the lakes have been the subject of biomanipulation. This has included large-scale removal of omnivorous fish (Catalano et al., 2010; Catalano and Allen, 2011) and stocking with grass carp to control nuisance vascular plants . We selected Lake Harris for our study because it was the non-manipulated control in those prior experiments.
Lake Harris has a high biomass (over 200 kg ha 21 ) of fish that is dominated by gizzard shad (Dorosoma cepedianum), a species that is a zooplanktivore in its larval and young-of-year stages and then becomes an omnivore as it ages (Catalano and Allen, 2011) . This fish is known for an ability to decimate populations of crustacean zooplankton (Catalano et al., 2010; DeVries and Stein, 1992) , and it is thought to be a major factor responsible for the scarcity of large cladocerans in Florida lakes (Havens et al., 2015a) . The phytoplankton of Lake Harris is dominated by the filamentous cyanobacteria Cylindrospermopsis raciborski, which blooms primarily during spring to fall .
Sampling methods
Annual rainfall was estimated from daily measurements at the US National Weather Service's Lisbon, Florida meteorological station, located 1 km north of Lake Harris. Mean depths in the lake were calculated from surface elevations and an equation relating elevation to mean depth from the bathymetric surveys. Monthly flushing rates (months
21
) were calculated from the mass balance of estimated inflows and outflows of water and changes in lake volume.
The lake was sampled at four pelagic locations, and results were averaged on each date, with monthly sampling from January 1999 to December 2014. Water temperature was measured at 0.5 m depth with a YSI or Hydrolab data sonde and Secchi transparency was measured with a 20-cm white disk. Water samples were collected and preserved following USEPA methods (Kopp and McKee, 1983) for determination of TP, TN, dissolved inorganic nitrogen (DIN ¼ NO 2 , NO 3 plus NH 4 ), soluble reactive phosphorus (SRP), color ( platinum cobalt units, PCU) and Chl-a. Samples for phytoplankton and zooplankton were taken as composites from the surface, 0.5 m and 1 m with a Van Dorn bottle. For zooplankton, 2 L of the composited water were filtered through a 75-mm plankton net, until November 2004, and then through a 35-mm net on later sampling dates. These samples were preserved with Lugol's solution. The change in mesh size likely affected estimates of rotifers and nauplii densities, but not cladocerans, which in the zooplankton were the focus of this study. The small cladoceran species in Lake Harris are effectively retained even by a 115 mm mesh (Havens et al., 1996) . An aliquot of the composite sample was fixed with Lugol's solution for phytoplankton analysis.
Laboratory methods
Water samples were analyzed in the laboratory following standard USEPA methods (Kopp and McKee, 1983) for total and dissolved N and P and for Chl-a. Aliquots of zooplankton samples were counted at 100Â magnification until at least 200 individuals had been enumerated, and the entire sample contents were scanned at lower magnification. Ten percent of the individuals for each species were measured at 100Â in each sample in order to estimate dry weight biomass from body length using published length-weight equations (McCauley, 1984) . Population biomass (mg L
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) then was determined by multiplying numeric density (individuals L
) times mean individual biomass for each species in the sample. Total Cladocera biomass was the sum of population (Daphnia ambigua, bosminids and other small taxa including Chydorus, Ceriodaphnia and Diaphanosoma) biomass estimates. The bosminids were represented by two species, Bosmina longirostris and Eubosmina coregoni, which are very similar in their morphology and were not differentiated in this study.
Phytoplankton was analyzed by the membrane filtration technique (McNabb, 1960) , on a Leica DMLB compound microscope at 630Â with a minimum tally threshold of 400 natural units (unicells, filaments or colonies). These were measured and their volume determined based on volumes of regular geometric solids, and population and total biovolumes were calculated according to Hillebrand et al. (Hillebrand et al., 1999) .
Statistical analysis
A multi-tiered statistical approach was used to elucidate the relationships between rainfall, mean depth, flushing rate, water chemistry and cladoceran biomass. First, the relationship between cumulative annual rainfall and yearly averaged mean lake depth was assessed with a Spearman rank correlation analysis. Differences in the major physical, chemical and biological attributes between the four years with lowest (2001, 2002, 2007, 2008) vs. the four years with highest (2003, 2004, 2005, 2010 ) mean depths then were tested with a KruskalWallis non-parametric ANOVA. Cladocerans attained their peak biomass in late winter to early spring. The yearly peak biomass was examined in relation to lake depth at those points in time with least-squares regression. Several variables then were considered that might explain differences in the yearly cladoceran maxima including temperature, cyanobacteria biovolume and biovolume of other phytoplankton that might be a food resource. Means of years when there were high biomass maxima were compared with means of years when the biomass maxima were low. This analysis was repeated looking at data from the sampling event 1 month prior to the cladoceran biomass peak. In all cases, the comparisons were done with a Kruskal -Wallis non-parametric ANOVA.
Because the biovolume of cyanobacteria was significantly and negatively related to the peak biomass of cladocerans, we examined further the factors that might affect cyanobacteria biovolume. Exploratory analysis indicated that two factors known to affect phytoplankton were correlated with cyanobacteria biovolume: flushing rate of the lake and water color. There were periods of time with high cyanobacterial biovolume that coincided with low and invariant flushing rate (stagnant periods) and conversely there were periods of reduced cyanobacterial biovolume when flushing events occurred. Cyanobacteria biovolume was not correlated with instantaneous flushing rates, so we looked rather at the variance in flushing (as a measure of disequilibrium) by cumulating the variance over months N, N 2 1 and N 2 2 for each sampling date. The final step of this component of the statistical analyses was to model variability against cyanobacteria biovolume. The relationship was not linear over all values of variability and instead there was a cut point where the changes in flushing kept cyanobacteria biovolume constrained. To estimate the negative relationship between flushing variation and cyanobacteria, as well as the point where cyanobacteria biovolume became stable, a non-linear plateau regression model was used. The model was estimated as using PROC NLIN in SAS 9.4. We also examined the relationship between cyanobacterial biovolume and water color using a least-squares regression analysis.
Finally, canonical correspondence analysis was used to evaluate the relationship of cladoceran biomass, Daphnia biomass, bosminid biomass and cyanobacteria biovolume with the suite of independent variables using PRIMER 6 (Clarke and Gorley, 2006) . The zooplankton data set was square root transformed and, subsequently, a Bray-Curtis resemblance matrix of the data was used in the CCA (using the canonical analysis of principal coordinates (CAP) function of the PERMANOVA þ add-on in PRIMER 6). The zooplankton data matrix was analyzed against a sample-matched, normalized matrix consisting of five water quality variables: Secchi depth (SD), temperature, mean depth, DIN and SRP. All 133 individual samples were plotted on ordination diagrams using the first two CAP axes, and four bubble plots were superimposed over the CCA ordination: cyanobacteria biovolume, total cladoceran biomass, Daphnia biomass and bosminid biomass.
R E S U LT S
During the 15-year period of record, Lake Harris had a mean depth of 3.4 + 0.1 m, mean TP and TN concentrations of 39 + 0.1 mg L 21 and 2.2 + 0.1 mg L
21
, respectively, mean Chl-a of 43 + 2 mg L 21 and a mean Secchi transparency of 0.6 + 0.1 m. Total zooplankton dry weight biomass averaged 106 + 12 mg L 21 , and most of the biomass of cladoceran zooplankton was due to bosminids, other small cladocerans and occasionally to Daphnia ambigua.
Mean depth was highly correlated with rainfall (r ¼ þ0.84, P , 0.01) with a 1-year time lag (Fig. 1); i.e. mean depth in year N was correlated with cumulative rainfall in year N 2 1. Mean depth in year N also was correlated with the cumulative SSTA for the period from October in year N 2 1 to April in year N (r ¼ þ0.66, P , 0.05). There was a cyclical pattern of rainfall, resulting in two deeper and three shallower time periods. The lake was shallowest in 2001, 2002, 2007 and 2008 and deepest in 2003, 2004, 2005 and 2010 . A comparison of annual means from those four shallowest and deepest years indicated that in deeper years the lake experienced a higher flushing rate, had higher color, lower TP, 3-fold lower biovolume of cyanobacteria and nearly 2-fold Fig. 1 . The 15-year history of the annual mean depths in Lake Harris in years N and cumulative rainfall in years N 2 1. The correlation between the two attributes is þ0.84, which is significant at P , 0.01. higher biomass of cladocerans (Table I) . Water temperature did not differ significantly between deep and shallow years.
Monthly time series (Fig. 2a-d ) indicated that the winter to early spring peaks in biomass of total cladocerans, Daphnia, bosminids and other cladoceran taxa were elevated in deeper years and generally suppressed in the shallower years. There was a highly significant relationship between yearly peak biomass of total cladocerans and mean depth at the time of those peaks (Fig. 3) , with a least-squares regression model explaining 40% of the variability in the data. Nearly identical results were found (data not shown) for bosminids and other cladocerans. Daphnia occurred too infrequently to establish the significance (or lack thereof ) of such a relationship with depth.
In a comparison of the conditions coinciding with high cladoceran biomass peaks (in 2003-2006 and 2010-2011) vs. low peaks (in 2000 -2001, 2007, 2009 and 2012 -2014) we found no significant difference in temperature or TP concentrations, however, there was a highly significant difference in biovolume of cyanobacteria (Table II) . Coincident with high cladoceran biomass peaks, the biovolume of cyanobacteria was nearly three times lower than at times when the cladoceran peaks were suppressed. Very similar results were obtained when we looked at conditions in the month just before the yearly peaks in cladoceran biomass, although the apparent effect of cyanobacteria was even greater.
As noted, cyanobacteria biovolume was high at times when yearly peaks in cladoceran biomass were low (Fig. 4a) . We found two variables that displayed a correspondence with the biomass of cyanobacteria: flushing rate (Fig. 4b ) and water color (Fig. 4c) . From 1999 to the end of 2003, flushing rate was very low and invariant and there were periods of high cyanobacterial biovolume (spring and summer blooms). This situation again occurred in 2006 -2010 and from 2012 to 2014, again coinciding with nearly stagnant water. In sharp contrast, there were three years (2003 -2005) when flushing rate was highly variable and sometimes as high as 18% of total lake volume in a month's time. In those years, the peaks in cyanobacterial biovolume were noticeably reduced. A similar phenomenon occurred in 2010 when there was a lesser flushing event early in the year and subsequently lower cyanobacterial biovolume. In the same three years when there was high and variable flushing, water color was as much as 6-fold higher than in the low flushing years. However, the relationship between cyanobacteria biovolume and water color was not as apparent afterwards, as color was elevated in late 2007 when cyanobacteria displayed a relatively high peak in biovolume, whereas a lesser increase in color in 2010 coincided with reduced biovolume.
A plateau regression model explained a significant amount (P , 0.001) of the variation in cyanobacterial biovolume based on the 3-month cumulative variance in flushing rate, with a cut point at a flushing rate of 3.5% of total lake volume month 21 (Fig. 5a ). At lesser flushing rates, cyanobacteria biovolume could attain high levels, but when the variance exceeded that cut point, cyanobacteria biovolume rarely rose above 15 million mm 3 mL
. A least-squares regression indicated that a significant inverse relationship existed between cyanobacteria biovolume and color (Fig. 5b) , however, there was considerable scatter in the data, reflecting the weakening of the relationship after 2006.
Canonical correlation analysis comparing cladoceran taxa, cyanobacteria and five water quality variables produced two canonical axes with strong correlations (Table III) . The first and second axes explained 53.5 and 23.2% of the variation in the data set, respectively. SD displayed a moderate positive correlation with the first axis (þ0.33) and a moderate negative correlation with the second axis (20.35). DIN and SRP also displayed moderate correlations with both axes. Similar to SD, DIN had a moderate positive correlation with the first axis (þ0.45) and a moderate negative correlation with the second axis (20.34), whereas SRP had a moderate positive correlation with both axes (þ0.22 and þ0.46, respectively). Temperature and depth displayed an inverse relationship. Temperature exhibited a strong negative correlation with the first axis (20.80) and a weak negative correlation with the second axis (20.17). Mean depth displayed a weak negative correlation with the first axis (20.04) and a strong negative correlation with the second (20.79).
Based on the bubble ordinations, total cladocerans, D. ambigua and bosminids aggregated on the positive side of the CAP1 axis (Fig. 6b-d) . Similar correlations were observed for each group: strong positive correlations (2001, 2002, 2007, 2008) vs. the four years with highest (2003, 2004, 2005, 2010) with DIN and SD, and a strong negative correlation with temperature. Biomass was also positively associated with greater mean depth. The opposite was observed for cyanobacteria (Fig. 6a) , i.e. a negative association with mean depth, DIN and SD and a positive association with temperature. While flushing was found to be an important variable using plateau regression, the fact that high flushing events only occurred in two periods of the time series made it impossible to discern an effect using CCA.
D I S C U S S I O N
Prior studies identified effects that variable climate can have on physical, chemical and biological properties of lakes. Water column stability and phytoplankton growth in Lake Victoria are affected by the ENSO SSTA (Cózar et al., 2012) ; there is deep water warming of lakes across Europe in years with warm phase North Atlantic Oscillation (Dokulil et al., 2006) , and densities of copepods in a small lake in the UK are higher in such years (George, 2000) . In many regions including Florida, USA, the ENSO SSTA can strongly influence rainfall and runoff to lakes. There is recent evidence that the ENSO will have greater variability with global warming . Greater positive and negative anomalies in the ENSO SSTA could lead to more intense droughts and low water levels in lakes, and periods of intense rainfall, greater depths and higher rates of flushing (IPCC, 2014) . It therefore is important to identify potential ecological impacts, in this case, responses of plankton. Effects of variable rainfall and water depth on the plankton in Lake Harris, Florida were quite robust, and even when the data were considered as yearly averages and analyzed with a low-power non-parametric test, both cladoceran biomass and cyanobacteria biovolume were significantly different between high and low rainfall/depth years.
In regard to cladocerans, many factors can affect their biomass and taxonomic composition, including the timing and intensity of inedible algae blooms. In the subtropics, shallow eutrophic lakes often are dominated by filamentous and/or colonial cyanobacteria that periodically or on a regular basis develop intense blooms (Beaver et al., 2013; Zhu et al., 2014) . Phytoplankton blooms can be triggered by rising water temperature (Recknagel et al., 2014) , by increased water column stability (Chang et al., 2015) and by events that release dissolved nutrients from the sediments to the water column, including diffusion, fish bioturbation and tropical cyclones (Zhu et al., 2014) . Here we found a significant negative relationship between cyanobacterial biovolume and cladoceran biomass at the time of annual zooplankton peaks, but it is unclear whether this is a causal or coincidental relationship. It has been concluded that the Cylindrospermopsis in Florida lakes may not produce cylindrospermopsin as they do in other regions of the world (Yilmaz et al., 2008 ), yet they could produce other toxins that are harmful to zooplankton. They also may be an unavailable food resource to the small cladocerans due their morphology or have poor nutritional quality. Work and Havens (2003) found that all of the small cladoceran species in a Florida lake consumed filamentous cyanobacteria, but they did not determine if the cells were digested and assimilated. To determine if periods of high cyanobacteria biovolume can suppress cladocerans would require controlled experiments looking at effects on growth and reproductive parameters, as has been done with zooplankton from temperate lakes (e.g. Gilwicz and Lampert, 1990; Paerl and Fulton, 2006) . We do not believe that cladocerans are controlling the phytoplankton. Havens et al. (1996) conducted an extensive series of zooplankton exclosure studies in another large shallow lake in Florida, with the same species of phytoplankton and zooplankton, and found no evidence for top-down control. Fig. 3 . The relationship between yearly maximal biomass of cladoceran zooplankton and mean depth of the lake at the time of the maximum, based on data from the 15-year period of record from Lake Harris. The dashed line is the model fit of the least-squares linear regression. Table II: Comparison of conditions coinciding with the months when cladocerans had a high winter-spring biomass maxima (2003) (2004) (2005) (2006) (2010) (2011) vs. months when the winter-spring maxima were low (2000-2001, 2007, 2009, 2012 -2014) The P values are from Kruskal-Wallis non-parametric tests that compared means in the high vs. low year classes for each variable. The variables that end with "21" are lagged 1 month before the biomass data. Data are means + 1 SE; ns, not significant at P ¼ 0.05.
A prime factor affecting cladocerans in shallow subtropical lakes is fish predation . While we did not sample fish, they were quantified during the period of record examined in our study (Catalano and Allen, 2011; Catalano et al., 2010) . Lake Harris and the surrounding lakes have very high densities of omnivorous fish, and this is consistent with finding a cladoceran assemblage dominated by small species (Havens and Beaver, 2011; Schabetsberger et al., 2009) . In subtropical lakes, there is a general consensus, supported by long-term observations, inter-lake comparisons and controlled experiments, that fish predation is the major factor responsible for dominance of small species and in summer months, very low Cladocera biomass Lacerot et al., 2012; Meerhoff et al., 2007) . Iglesias et al. (2011) documented both with observational data following a fish kill and with a zooplankton exclosure experiment that Daphnia could attain high densities in lakes in Uruguay where normally they are kept in check by planktivory. Havens et al. (2015a) found that Daphnia is absent from plankton samples in mid-summer except where there is a low level of fish predation. In shallow subtropical lakes, further evidence of intense fish effects is the consistent finding of extreme low crustacean biomass relative to Chl-a . In Lake Harris, the ratio averages 0.04, placing it at the extreme low end of what has been observed in Europe, North America and even other Florida lakes (Havens and Beaver, 2011; Jeppesen et al., 2007) . We observed that each year in the 15-year study period, cladoceran biomass peaked in late winter to early spring and then rapidly declined. This is a typical pattern that has been observed in other Florida lakes (Havens et al., 2000) and is thought to reflect an increase that coincides with increased water temperature and bacterial biomass, and then intense predation by juvenile fish. In Florida lakes including Lake Harris, juvenile fish densities are very high in spring to early summer (Catalano et al., 2010; Pine and Allen, 2011) . In the historical time series, in years when water levels were high, the peaks in biomass of cladocerans were significantly higher than in years when water levels were lower. There are two factors related to fish predation that might explain the higher biomass of cladocerans in years with deep water. First, in those years, water color was elevated. This might have reduced the predation risk from juvenile sight-feeding fish by reducing their reaction distance to the cladoceran prey. Another explanation is that when the lake was shallow, the fish and their prey were concentrated into a smaller volume, resulting in a greater frequency of encounters and greater zooplankton loss rates. While we established a linkage between rainfall, lake depth and cladoceran biomass, the proximal causes for reduced peak biomass during periods of reduced depth require controlled experimental research.
The CCA analyses focused on cladoceran biomass mainly indicated factors associated with seasonality, showing that the animals are more abundant when the water is colder and richer in DIN and SRP (winter to early spring). However, it also confirmed the aforementioned positive correspondence between depth and cladoceran biomass, the conclusion we reached by examining yearly means.
The response of cyanobacteria to variations in rainfall and depth appeared to be linked to changes in water color and/or flushing rate. During a three-year period when cyanobacteria peak biovolumes were low, color was increased by nearly 6-fold, due to inflow of water from the nearby Palatlakaha River, which is a highly colored system (St. Johns River Water Management District data). Although the maximal levels of color that were observed (55 PCU) are not particularly high, Havens and Nürnberg (2004) documented that for shallow polymictic lakes in North America, the ratio of phytoplankton Chl-a per unit of TP declines by more than 5-fold over the range of color from 10 to 100 PCU. Therefore, it is plausible that increased color in 2003 -2006 and again in 2009 -2010 was responsible in part for the reduced biovolume of cyanobacteria. Dissolved color may have a greater effect on photosynthesis than other light attenuating substances because it strongly absorbs light in the Soret band of Chlorophyll action spectrum.
Monthly time series and associated statistical analyses also revealed a complex connection between flushing rate and cyanobacteria biovolume. Cyanobacteria biovolume was high during periods when water level was relatively low and stagnant. In contrast, biovolume was low during times when water level was higher and there was disequilibrium in flushing. The peak flushing rates ranged from 5 to 18% of lake volume per month. This equates to water residence times from as long as 20 months to as low as 6 months. It is nearly impossible that this caused advective loss of phytoplankton from the lake. Beaver et al. (2015) examined advective losses of phytoplankton in a Pacific reservoir ecosystem (the lower Snake River) and found advective losses only at much lower residence times. For phytoplankton, the niche centroid for peak biomass was at a residence time of just 6.5 days, an order of magnitude lower residence time than we observed during the peak flushing events in Lake Harris. Could the flushing events have been a contributing cause of the reduced cyanobacteria biovolume, or were they just coincidental? We suggest that they could be causal. During the period of time when flushing was highly variable, growth of cyanobacteria may have been frequently disrupted, when conditions varied from favorable to less favorable for net growth. In contrast, in the nearly stagnant periods when water levels were low and water was not flowing into or out of the lake, stable conditions may have allowed cyanobacteria to grow without interruption and achieve high biovolume.
Relationships between C. raciborskii blooms and droughts have been obtained in other studies. Bouvy et al. (1999) studied a semi-arid shallow reservoir in Brazil. During a strong El Niño, the water level dropped substantially and there was almost no water movement into or out of the lake. An intense algal bloom developed throughout the water column of the lake, comprised almost exclusively by C. raciborskii. Bouvy et al. (2000) subsequently documented that during the same drought, C. raciborskii blooms coincided with low and stagnant water in 39 shallow Brazilian reservoirs. In a review of how climate change might affect the occurrence of cyanobacteria blooms in lakes, Reichwaldt and Ghadouani (2012) concluded that increased droughts will likely favor blooms of C. raciborskii in shallow eutrophic lakes. All of these findings are consistent with our observations of bloom dynamics in Lake Harris.
The results regarding cyanobacteria responses are similar in some ways to those reported by Nõges et al. (2003) , who examined a 35-year database of phytoplankton in Lake Võrtsjärv, Estonia, in order to elucidate effects of the North Atlantic Oscillation, which affects water levels in that lake. As was the case in Lake Harris, those authors found that cyanobacteria were significantly reduced in biomass in high water years, and that during low water years, N 2 -fixing cyanobacteria became more important. In that case, the dominant species was Aphanizomenon skujae, whereas in Lake Harris, C. raciborskii was the dominant species in blooms. A difference between the two studies is that in Lake Võrtsjärv, there was a 3.2-m variation in water levels, compared with just 0.5 m in Lake Harris. In Lake Võrtsjärv, the change in depth was sufficient to markedly affect the amount of underwater photosynthetically active radiation (PAR) and drive a succession of cyanobacteria species. It is unlikely that the change in depth alone had this effect in Lake Harris, although as noted, increased color could similarly have affected PAR. An analysis of phytoplankton species succession was beyond the scope of our study. It may be that synergistic negative effects of increased color and increased flushing variance affected the net growth of cyanobacteria during periods of high rainfall, depth and water discharge from the lake.
A conceptual model (Fig. 7) provides an overview of possible linkages between the ENSO climate cycle and plankton in this subtropical lake. During El Niño years, when rainfall is above normal in late autumn to early winter, the mean water level in the subsequent year is elevated and so is lake volume due to greater inflow of (colored) river water. Greater lake volume may result in the omnivorous fish being dispersed in more water and thus less frequently encounter zooplankton. Increased water color also may reduce the reaction distance of sight-feeding juvenile fish in spring months. Cladocerans have their greatest biomass maxima in such years. In those same high water years, increased color and greater variability in flushing may negatively influence the development of cyanobacteria blooms, which also could be beneficial to the cladocerans. The high inter-month variance in flushing rate may affect the cyanobacteria development by destabilizing the water column and perhaps affecting sediment to water P exchange.
C O N C L U S I O N
A link was documented between a cyclical pattern of rainfall, river inflow and water depth with the biomass of cladocerans and the biovolume of cyanobacteria in a shallow subtropical lake. Cladoceran zooplankton attained significantly higher biomass maxima in years when the lake was deeper compared with years when it was shallower. The years with low biomass maxima coincided with higher biovolume of cyanobacteria and also with higher water color. While it is unknown whether or not a change in predation pressure occurred, increased color may have reduced the reaction distance of sight-feeding fish and also reduced encounters with filter-feeding fish simply because of the increased water volume. Cyanobacteria biomass was reduced during periods of high water, which coincided with greater variance in flushing rate and increased color. Those two factors may have negatively affected the cyanobacteria by periodically disrupting their growth and/or by reducing light available for photosynthesis. Regardless of the specific mechanisms, this study documents that variation in climate that affects rainfall and runoff to shallow lakes can have major effects on the plankton. If the future has even greater variations in rainfall and drought, these changes may become even more profound.
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R E F E R E N C E S

Fig. 7.
Conceptual diagram of the possible physical and food web interactions that explain the effects of variation in rainfall and lake depth on the biomass of cladocerans in a shallow subtropical lake.
